System during the 87 days between the 17 August 1999 İzmit earthquake and the 12 November 1999 Düzce earthquake indicate rapidly decaying aseismic fault slip on and well below the coseismic rupture. Elastic model inversions for time-dependent distributed fault slip, using a network inversion filter approach, show that afterslip was highest between and below the regions of maximum coseismic slip and propagated downward to, or even below, the base of the crust. Maximum afterslip rates decayed from greater than 2 m/yr, immediately after the İzmit earthquake to about 1.2 m/yr just prior to the Düzce earthquake. Maximum afterslip occurred below the eastern Karadere rupture segment and near the İzmit hypocenter. Afterslip in the upper 16 km decayed more rapidly than that below the seismogenic zone. These observations are consistent with a phase of rapid aseismic fault slip concentrated near the base of the seismogenic zone. Continued loading from the rapid deep afterslip along the eastern rupture zone is a plausible mechanism that helped trigger the nearby, M w 7.2, 12 November Düzce earthquake.
Introduction
The midcrustal to lower crustal structure and rheology of major strike-slip faults continue to be topics of debate. On the basis of varying assumptions about the thermal structure, lithology, and mechanical properties of the crust and fault zone, the aseismic roots of brittle strike-slip faults are thought to (1) represent a zone of broadly distributed ductile flow (Nur and Mavko, 1974; Pollitz, 1992; Bourne et al., 1998) , (2) extend through much of the crust and possibly the upper mantle as narrow shear zones (Sibson, 1986; Tse and Rice, 1986; Scholz, 1988) , or (3) be regions that experience both localized faulting well below the seismogenic zone and distributed ductile shear in the surrounding host rock during different times in the earthquake cycle (Furlong and Verdonck, 1994) . Supporting evidence for either widely distributed or localized fault architecture in the lower crust can be found in geologic studies of exhumed fault zones (Bak et al., 1975; Hanmer, 1988; Swanson, 1992) , by seismic imaging (Brocher et al., 1994; Henstock et al., 1997; Parsons, 1998; Molnar et al., 1999; Zhu, 2000) , and in the interpretation of geodetic data (Prescott and Yu, 1986; Gilbert et al., 1994; Bourne et al., 1998; Pollitz et al., 2000) .
Earthquakes signal the beginning of a crustal-scale rock mechanics experiment, which can be analyzed by geodetic measurements that constrain the Earth's response. Twodimensional model calculations show that the predicted surface deformation caused by aseismic slip or viscoelastic flow below the brittle upper crust are difficult to distinguish, both for steady interseismic deformation and postseismic deformation transients along strike-slip faults (Thatcher, 1983; Savage, 1990) . However, both the temporal pattern and spatial distribution of deformation transients in response to large earthquakes continue to shed new light on the fault-zone rheology at depth. Since the early observations of postseismic deformation following the 1906 San Francisco earthquake (Thatcher, 1974 (Thatcher, , 1983 , it has been recognized that these transients provide potentially useful information about crustal rheology as well as about the mechanics of fault interaction. Thus, most-recent major earthquakes have been the targets of intensified postseismic geodetic monitoring. Comparison of geodetic measurements collected over several years following the 1989 M w 6.9 Loma Prieta earthquake (Bürgmann et al., 1997; Pollitz et al., 1998) and the 1994 M w 6.6 Northridge earthquake (Donnellan and Lyzenga, 1998 ) with pre-earthquake displacement patterns indicate that postseismic deformation was dominated by continued slip on and above the buried coseismic ruptures. In the case of the Loma Prieta earthquake, postseismic slip rates rapidly decayed from about 8 cm/yr a few months after the event, to near 0 within 3-5 yr of the earthquake (Segall et al., 2000) . An early phase of rapidly decaying deformation measured with Global Positioning System (GPS) following the 1992 M 7.4 Landers earthquake can be explained as re-sulting from accelerated postseismic slip below 10 km with an exponential relaxation time of 34 days (Shen et al., 1994) or 84 days (Savage and Svarc, 1997) . Using horizontal and vertical deformation data measured during the course of several years (combination of GPS and InSAR data) around the 1992 Landers earthquake rupture, Deng et al. (1998) and Pollitz et al. (2000) argue that distributed lower crustal and/ or upper mantle flow are required to explain the later years of postseismic deformation.
The 17 August 1999 İzmit earthquake was the latest in a sequence of mostly westward propagating earthquakes (M Ն 6.7 ) along the North Anatolian fault (NAF) that started with the 1939 Erzincan earthquake (Toksöz et al., 1979; Stein et al., 1997) . The İzmit earthquake itself was soon followed by the 12 November M w 7.2 Düzce earthquake immediately to the east of the 17 August rupture (Ayhan et al., 2001; Bürgmann et al., 2002) . This sequence of earthquakes has been interpreted in terms of static stress transfer from one earthquake triggering or advancing subsequent events (Stein et al., 1997; Hubert-Ferrari et al., 2000; Parsons et al., 2000) . In addition to coseismic stress changes, postseismic deformation transients further redistribute stress in the lithosphere and can play an important role in the loading and potential earthquake triggering on the nearby fault segments (Lehner et al., 1981; Yang and Töksoz, 1981; Hearn et al., 2002) . Thus, a better understanding of the nature, magnitude, and temporal development of postseismic deformation should lead to improved time-dependent stress models and probabilistic earthquake forecasts. Reilinger et al. (2000) and Woith et al. (1999) found deformation following the İzmit earthquake that greatly exceeded the displacement rates from before the earthquake. The GPS-measured velocities of 35 sites, averaged over the first 75 postseismic days, are best explained by rapid afterslip mostly below the coseismic rupture plane (Reilinger et al., 2000) . Afterslip appeared to be the largest on fault segments that experienced relatively little slip during the event and near and below the hypocenter. Inferred slip extended to and possibly even below the base of the crust at a depth of 30-36 km (Makris and Stobbe, 1984) . In this contribution, we consider all the GPS data collected during the 87 days following the 17 August İzmit earthquake, until the 12 November Düzce earthquake, to constrain kinematic models of the spatiotemporal development of the İzmit earthquake afterslip leading up to the second event. The kinematic models serve as constraints for the finite element models of the postseismic relaxation that address the rheology of the lithosphere and fault zone and are presented in the companion article by Hearn et al. (2002) . Hearn et al. (2002) also evaluate the stress changes associated with the transient deformation near the Düzce earthquake hypocenter and along the Northern Anatolian fault segments below the Marmara Sea.
GPS Measurements of Postseismic Deformation
A substantial GPS monitoring effort was underway prior to the İzmit-Düzce earthquake sequence. Many geodetic monuments in the region had been repeatedly occupied to measure strain accumulation along the NAF since as early as 1988 (Straub et al., 1997; McClusky et al., 2000) . Six permanent, continuously operating GPS stations of the Marmara GPS monitoring network (MADT, MERT, KANT, DUMT, TUBI, and ANKR) were within the coseismic deformation field. One additional site (ULUT) was installed soon after the earthquake to begin tracking postseismic motions. Four more temporary, continuously recording GPS stations (HAMT, MURT, UCGT, and BEST) were installed in the near field within 48 hr of the main event by TUBITAK MAM (Fig. 1) . Six additional sites in close proximity to the surface rupture (TASK, CAY1, ULU1, KOP1, ADA1, ADA2, and KOS1 shown in Fig. 1B) were established by 21 August by the GeoForschungsZentrum (GFZ) Potsdam and collected data until 15 October 1999 (Woith et al., 1999) .
We included data from 47 sites that were occupied at least twice in the 87-day period until the day of the Düzce earthquake ( Fig. 1, Table 1 ). The GPS data were processed following standard procedures using the GAMIT/GLOBK GPS processing software (King and Bock, 1998; Herring, 1999) as described in McClusky et al. (2000) and Ergintav et al. (2001) . Every day, GPS solutions were aligned to a Eurasia-fixed reference frame using generalized constraints (Dong et al., 1998) . Specifically, we minimized the departure from ITRF97 positions of 12-16 IGS stations in western Europe, while estimating six translation and rotation parameters in the network transformation. The average root mean square departure of the horizontal positions of the stations used in the transformation was 2.6 mm.
Coordinate time series of the continuously operating stations show that deformation rates were nonlinear in time during the postearthquake period (Fig. 2) . Sites to the north of the rupture showed accelerated eastward motions, whereas the sites to the south moved westward. Overall, the displacement field resembles that of the earthquake, but the motions diminish less rapidly with distance from the rupture (Reilinger et al., 2000) . This is indicative of a more deeply buried or broadly distributed deformation source. The duration of the early rapid motions varies among stations, indicating that deformation is variable in both space and time. The postseismic transient deformation is punctuated by some local events (e.g., during and in the aftermath of the largest, 13 September 1999, M w 5.8 aftershock near the hypocenter) that affect a subset of the stations (Fig. 2) . The motions rapidly decayed in the İzmit-Düzce interevent period. Ergintav et al. (2001) estimated a relaxation time of 57 days by fitting a common exponential function to the time series of horizontal displacements of 38 GPS stations.
Network Inversion Filter Modeling of Postseismic Transient Deformation
We model the observed postseismic position time series using rectangular dislocations in an elastic, homogenous, and isotropic half-space (Okada, 1985) to represent transient strike-slip faulting following the İzmit earthquake. To better understand the distribution of postseismic fault slip in space and time, we use the network inversion filter (NIF) (Segall and Matthews, 1997; Segall et al., 2000) . The NIF has been developed to formally separate time-dependent deformation caused by faulting (Segall et al., 2000) or volcanic deformation (Aoki et al., 1999) from data error and uncorrelated random walk bench mark motions contained in a geodetic data set. The NIF can easily handle the heterogeneous distribution of GPS measurements in space and time and makes no assumptions about the parametric form (such as exponential or logarithmic decay) of the transient deformation signal (Segall et al., 2000) . Some of the observed deformation results from the background secular deformation. The GPS measurements from the years prior to the İzmit earthquake show that about 25 mm/yr of the Anatolia-Eurasia motion are distributed over a ca. 100-km-wide zone across the NAF . The background strain field is constrained by the 1988-1997 GPS velocities in the area , which can be fit by a simple dislocation model of a buried east-west-striking dislocation slipping at 32 mm/yr below 24.4 km depth (Fig. 3) . The geometry and slip rate of the secular dislocation model are inverted from the velocities of 45 GPS sites located between 28Њ E and 33Њ E and between 38.5Њ N and 42Њ N (Fig. 3) . This model is used to compute secular motions at the postseismic network sites and is not necessarily a physically realistic model of the strain accumulation process in the region (Meade et al., 2001) . At each epoch, we subtract the displacements predicted by the secular model from the position observed at each postseismic site. The time series in Figure 2 include the secular contribution. During the 87-day postseismic interval, the maximum observed relative site motions amounted to as much as 120 mm (between MURT and UCGT), greatly exceeding the maximum expected background motion of 5.2 mm (22 mm/yr) across the entire network.
We assume that afterslip occurs on or surrounding (be- low or along strike) the İzmit earthquake rupture on the vertical dislocation planes. The model fault geometry follows the trace of the mapped coseismic rupture and includes the Yalova segment under the İzmit Bay to the west of the Hersek delta and a segment along the trace of the 12 November Düzce rupture east of the İzmit rupture. Whereas the coseismic fault slip occurred in the upper 15-20 km of the crust (Reilinger et al., 2000) , the postseismic slip model allows for slip deep into the lower crust and upper mantle to a depth of 50 km. To evaluate the spatial distribution of afterslip, we further subdivide the discontinuous fault surface into approximately 4.5-by 4.2-km sized patches. We invert for the optimal slip distribution on these fault elements and seek models that minimize the data misfit, while preserving smoothness of the model slip distribution. We expand the strike-slip distribution in spatial basis functions (Segall et al., 2000) , which are chosen to minimize the roughness of the slip function in addition to seeking a good fit to the data. The roughness is measured by |ٌ 2 u(x)|, where u(x) is the vector of fault slips and ٌ 2 is a finite-difference approximation of the Laplacian operator (Harris and Segall, 1987) . We include the first 12 basis functions (including an initial (Fig. 5) . The depicted time series are not corrected for secular motions, however, the maximum correction applied to the data for the modeling is a ca. 5 mm eastward motion, which is about the size of the circles marking the data points. Curves have been offset vertically for clarity. Thin vertical lines indicate the time of the largest, 13 September M w 5.8 aftershock. (A) Continuously and semicontinuously operating sites of the Marmara GPS monitoring network; (B) GFZ network sites; (C) campaign survey sites observed at least 5 times during the observation period. The large outlier in the vertical component of station KTOP is likely to represent a setup error.
uniform-slip solution), and the inverted slip distribution is made up of time-varying, linear combinations of these functions (Fig. 4) . Slip models of shorter wavelength than the highest-order basis functions cannot appear in the solution. The lower-order basis functions are relatively insensitive to the data distribution, whereas the coefficients of the higherorder terms can become very small because of the damping imposed by the spatial smoothing (Segall et al., 2000) . A comparison of our eventual slip models with the basis functions shows that the higher-order basis functions do not appear in the solution, as the data distribution does not warrant such complex models.
The model fault extends well below and to the west and the east, beyond the coseismic rupture. We apply edge constraints to favor models that minimize slip on the western and easternmost and top and bottom edges of the discontinuous fault model. We justify the no-slip constraint along the top row of fault elements by the lack of observations of any notable surficial creep following the İzmit earthquake.
Spatial and temporal variations in fault slip are modeled simultaneously using the observed GPS positions and covariances of the full network. The NIF requires a choice of temporal (␣) and spatial (c) smoothing parameters, as well as the determination of the magnitude of bench mark random walk (s) and a scale factor by which the formal errors of the GPS solution might need to be multiplied (Segall et al., 2000) . Here, we adopt a bench mark random walk scale parameter of s equals 2 mm/yr 1/2 , which seems to be representative of standard monuments (Langbein and Johnson, 1997) , and apply no further scaling of the data covariance as the observed repeatability of the data is consistent with the observation errors. Solutions with c equal to 0 and ␣ equal to 0 correspond to spatially uniform slip-rate and temporally steady slip-rate models, respectively. Increasing c allows for more complex slip distributions to improve the model fit, whereas increasing ␣ improves the fit to the data by increasing the temporal complexity of the model. We initially estimate the filter hyperparameters for temporal and spatial smoothing, ␣ and c, by maximum likelihood (Segall and Matthews, 1997; Segall et al., 2000) . We numerically calculate the likelihood for a range of ␣ and c to find the optimal solution that fits the data well while not becoming unnecessarily complex. The maximum likelihood analysis suggests values of 47 and 0.02 for ␣ and c, respectively (Fig. 5 ).
The NIF model inversions indicate that large amounts of right-lateral strike slip occurred during the observation period; however, the models commonly include some leftlateral slip. It might be possible that some postseismic afterslip, opposite to the coseismic slip, occurs in areas where dynamic slip overshoot occurred. However, we believe that the left-lateral slip patches in the model are an artifact of the inversion that reflects the limits of resolution. Left-lateral slip is not currently penalized (by nonnegativity constraints) in the NIF inversion. We compute over the same range of smoothing-parameter values, for which we derived maximum likelihood values, the sum of the accumulated leftlateral slip on each fault element multiplied by fault patch area and rigidity, corresponding to the total geodetic moment of left-lateral slip (Fig. 5) . Left-lateral slip is minimized with the lowest values of ␣ and c in our grid search. To avoid large amounts of left-lateral slip in our model, we require more smoothing than indicated by the maximum likelihood analysis, and we use ␣ equal to 4 and c equal to 0.1 in our final inversions. The weighted residual sum of squares divided by the number of data N (3708 GPS coordinate observations) in our final model is 1.23 versus 1.05 in the maximum likelihood solution. Small amounts of left-lateral slip still occur in our final model in areas not well constrained by our GPS network but do not substantially affect our result.
Inversion Results
Using all the GPS-measured site positions corrected for secular deformation in the region, the model geometry, and NIF model parameters as described in the previous section, we compute our favored model of transient distributed afterslip. Figure 6 shows eight snapshots of the slip rate at 10-day intervals following the İzmit earthquake. An animated version of the slip rate model can be viewed at http://www.seismo.berkeley.edu/ϳburgmann/RESEARCH/ research.html. Two large afterslip patches are apparent near the İzmit earthquake hypocenter and at depth along the Karadere rupture segment. Figure 7 shows the time-dependent station displacements computed from this model. Figure 8 shows cumulative slip as a function of time at about 10 km and at 35 km depths below the epicenter and near the center of the Karadere segment. Shallow afterslip near the hypocenter at ca. 30Њ E (54.4 km distance in Fig. 6 ) rapidly decayed within about 30 days, whereas deep afterslip continued at undiminished rates at Moho depths. Shallow afterslip along the Karadere segment was small and decayed rapidly to near-zero rates (Figs. 6 and 8) . The maximum afterslip is inferred deep below the Karadere fault segment, which continued until the time of the subsequent Düzce rupture, immediately to the east. Maximum afterslip occurred at rates of up to 2.2 m/yr for a total of 0.4 m. Afterslip in the last month of the observation period appears restricted to depths greater than 12-16 km; that is, it occurred below the coseismic rupture plane. Slip occurs all the way to the bottom of the 50-km-wide model fault, only limited by the bottom-edge constraint in the inversion. This suggests that rapid afterslip occurred at least down to the Moho at ca. 35 km depth and possibly into the upper mantle.
The model fits the longer temporal wavelength patterns in the observed displacements well (Fig. 2) . Some higherfrequency signal is apparent in the continuous station data that the model does not attempt to match, in the interest of spatial and temporal model smoothness. Some features, such as the apparent large subsidence of UCGT ( Fig. 2A) during the first postseismic month are not captured by the model, Reilinger et al., 2000) . Remaining panels show snapshots of time-dependent distributed strike-slip rate inverted from the postseismic GPS measurements in 10-day intervals. Following rapid slip over a large portion of the model fault early on, most slip occurs down-dip of the coseismic rupture, with the upper ca. 12-16 km (3-4 fault patches) devoid of significant slip. The location of the 17 August hypocenter is indicated by pink stars. A black line indicates the depth of the base of the seismogenic zone (ϳ16 km) inferred from the coseismic slip distribution and depth of microseismicity in the area. With time, slip apparently propagates downward and laterally away from the central fault segment near the hypocenter (ϳ50 km distance). The highest slip is inferred below the Karadere fault segment (100-130 km distance), immediately west of the eventual Düzce rupture. and we recognize some apparent outliers, such as the 20-cm vertical offset of a measurement at KTOP (Fig. 2C ).
Discussion and Conclusions
The GPS measurements after the 17 August 1999 İzmit earthquake show rapid transient deformation during the 87-day period leading to the subsequent 11 November Düzce earthquake. Formal model inversion of the data for spatially and temporally variable afterslip suggests that the first phase of postseismic deformation was caused by rapid (up to 2.2 m/yr) slip on and below the coseismic rupture. The cumulative geodetic moment during the 87-day period was M 0 4.47 ‫ן‬ 10 19 Nm, the equivalent of an M w 7.1 earthquake. This is about an order of magnitude more than the moment released by the aftershocks of the İzmit earthquake . The upper crustal afterslip appears localized in the regions in which dynamic slip was impeded such as around the hypocenter and below ca. 6 km depth along the Karadere segment. Shallow afterslip decayed rapidly within about 1 month, whereas slip deep below the rupture continued until the time of the Düzce event. Rapid slip at depth, in particular below the eastern Karadere rupture segment, added to the coseismic static stress changes on the neighboring Düzce earthquake rupture, which failed about 3 months after the İzmit event (Hearn et al., 2002) .
Our inversion for slip distributions in an elastic halfspace assume that deformation is caused by localized shear on the coseismic rupture and its down-dip extension deep into the lithosphere. To explain this deformation with distributed viscous flow in the crust, a viscosity of ca. 4 ‫ן‬ 10 17 Pa sec is required for the lower crust (Hearn et al., 2002) . Such values are 2-4 orders of magnitude below the range of most previous estimates of crustal viscosity based on the deformation measurements and experimental data. Temperatures of 700Њ-950ЊC or more would be required in the midcrust to lower crust to achieve adequate effective viscosities in typical crustal rock types that can explain transients of a few months duration (Ivins, 1996 (Ivins, , 2000 . We note that both the spatial pattern as well as the rapidly decaying nature of the deformation are not consistent with deformation rates expected from viscous relaxation of a broadly deforming lower crust (Hearn et al. 2002) .
As the zone of postseismic afterslip overlaps significantly with the inferred locking depth of ca. 17 km in the years before the earthquake (Meade et al., 2002) , our observations are consistent with an earthquake cycle model for the western North Anatolian fault zone in which (1) steady interseismic deformation occurs in the lower crust and underlying mantle lithosphere accommodated by localized shear and distributed ductile flow; (2) aseismic faulting occurs at midcrustal to lower crustal levels, which is highly accelerated following the sudden stress pulse from the İzmit earthquake; and (3) brittle seismic faulting occurs in the upper crust followed by localized afterslip along some portions of the rupture. This model is consistent with the experimental (Blanpied et al., 1991) and theoretical studies (Tse and Rice, 1986 ) of a velocity-strengthening fault zone rheology at depth, as well as some seismic studies that imaged a narrow down-dip extension along the San Andreas fault (Henstock et al., 1997; Parsons, 1998; Zhu, 2000) . However, this does not rule out distributed viscous relaxation in the surrounding lower crust and upper mantle in the years to come (e.g., Pollitz et al., 2000) . We conclude that the postseismic deformation following the İzmit earthquake indicates a narrow, velocity-strengthening fault zone extending through the crust and possibly into the upper mantle.
